In domestic ruminants, a receptive endometrium is crucial for successful pregnancy. Although many essential molecular modulators and pathways have been identified during early pregnancy, the precise mechanisms regulating goat endometrial function remains largely unknown. Here, we describe a novel regulator during early pregnancy, whereby hormones increased CREB3 regulatory factor (CREBRF) expression and act as a potential activator of autophagy in endometrial epithelial cells (EECs) via the mTOR pathway. Our results showed that knockdown of CREBRF via shCREBRF hampered EECs proliferation by S-phase cell cycle arrest and significantly inhibited endometrial function. We also reported that CREBRF-mTOR-autophagy pathway plays a vital role in regulating endometrial function, with a blockade of the mTOR by rapamycin demonstrating the regulatory function on prostaglandin (PGs) secretion and cell attachment in EECs. Moreover, chloroquine pretreatment also proved the above conclusion. Collectively, our findings provide new insight into the molecular mechanisms of goat endometrial function and indicate that the CREBRF-mTORautophagy pathway plays a central role in PGs secretion and cell attachment.
Introduction
In domestic ruminants, such as sheep, goat, and cattle, establishment of pregnancy involves pregnancy recognition signaling, implantation, and placentation [1] . During this process, endometrial function is stimulated and maintained by maternally derived progesterone (P 4 ), estradiol (E 2 ), and conceptus-derived interferontau (IFNT) [2] . In beef heifers, dairy cows, and sheep, maternally derived hormones enhance the expression of many conceptus elongation and implantation-related genes in the endometrial luminal epithelium (LE) [3] . IFNT is required for maternal recognition of pregnancy to inhibit release of luteolytic pulses of PGF 2α and to regulate uterine receptivity [4] . PGF 2α and PGE 2 are synthesized by the uterus during maternal recognition of pregnancy (MRP), but these two prostaglandins (PGs) play the opposite role during MRP [5] . In PGs production pathways, prostaglandinendoperoxide synthase 1 (PTGS1) and prostaglandin-endoperoxide synthase 2 (PTGS2) catalyze arachidonic acid (AA) into PGH 2 , and PGH 2 is converted into PGF 2α and PGE 2 by prostaglandin F synthase (PGFS) and prostaglandin E synthase (PTGES), respectively [6] . With the development of blastocysts into filamentous conceptus during days 12-17, various adhesion molecules (SPP1, integrin, and cadherins) are required for adhesion between conceptus and LE [7, 8] .
Autophagy, which means "self-eating" in Greek, is a process that rids the cell of altered proteins and old organelles [9] . Autophagy provides cells with free amino acids, carbons, nitrogen, and fatty acids for survival through starvation, hypoxia, and other adverse conditions [10] . Mammalian target of rapamycin (mTOR) serves as the most important autophagy regulator [11] . The mTOR complex 1 (mTORC1) is activated by increasing levels of amino acid and growth factors via Rag and Rheb. Phosphorylation of p70 ribosomal S6 kinase/S6 ribosomal protein (RPS6KB1), the downstream target of activation of mTORC1, triggers protein synthesis that negatively modulates autophagy [12] . Previous research has reported that autophagy induction degrades maternal factors essential for early pregnancy in animal [13] . In addition, autophagy activation has been found under P 4 and E 2 treatment though mTOR signaling in bovine mammary epithelial cells [14] .
CREB3 recruiting factor (CREBRF), also called Luman regulatory factor (LRF), is an unfolded protein response-dependent leucine zipper transcription factor that recruits nuclear CREB3 from nucleus and triggers CREB3 protein degradation [15] . In addition to cellular function, previous studies have reported that CREBRF −/− female mice exhibit severe maternal behavioral defects and mammary gland development defects [16] . Our previous studies reported that high levels of CREBRF were found in the uteri of pregnant mice, embryos, implantation sites, metoestrus of the ovary, dioestrus of the uterus, and oviduct [17, 18] . In addition, we also found that CREBRF played a vital role in regulating cell cycles in mouse endometrial stromal cells during decidualization [19] . Recent, studies have demonstrated that CREBRF served as the autophagy regulator by regulating CREB3-ATG5 pathway in glioblastoma cells [9, 15] . Although it has been reported that CREBRF-CREB3 regulates autophagy in tumor cells, there is no evidence to date that CREBRF is directly involved in regulating goat endometrial function during early pregnancy via autophagy.
In this study, we demonstrate a novel CREBRF-mTORautophagy mechanism in goat endometrial epithelial cells (EECs) in which knockdown CREBRF inhibits endometrial function and downregulates autophagy by upregulating the mTOR pathway. We first investigated the vital regulating role of CREBRF under hormone treatment. We reported that rapamycin (Rapa) pretreatment alleviates CREBRF silence-induced endometrial function defects. Our results suggest potential functions of CREBRF-mTOR-autophagy during early pregnancy in goats.
Materials and methods

Cell culture and drug treatment
Goat EECs and goat trophoblast cells (GTCs) were immortalized by transfection with human telomerase reverse transcriptase (hTERT) and were well stored in our laboratory [20] [21] [22] . The EECs and GTCs were seeded in six-well plates cultured in DMEM/F-12 medium containing 10% FBS (Cornig, Manassas, VA, USA), and incubated at 37
• C in a humidified 5% CO 2 incubator. The culture medium was changed every 3 days. The medium was replaced with fresh DMEM/F-12 plus 0.1% bovine serum albumin (BSA, R& D Systems, Inc., Minneapolis, MN) for 24 h when EECs reached 70%-80% confluence. After that, EECs were treated with P 4 (10 −7 M, Sigma, St. Louis, MO, USA) and E 2 (10 −9 M, Sigma, St. Louis, MO, USA) for 12 h. IFNT (20 ng/mL, Sangon Biotech Co., Ltd, Shanghai, China) was added to the medium. In the presence of rapamycin (Rapa, ApexBio Technology, USA) or chloroquine (CQ, Sigma, St. Louis, MO, USA) groups, 50 nM Rapa and CQ were added to EECs before adding IFNT.
Spheroid co-culture assay
The spheroid co-culture assay was performed following instructions adapted from So et al [23] . Briefly, the single GTCs suspensions were stained with CellTracker Green CMFDA (0.5 μM, Yeasen Biotech Co., Ltd, Shanghai, China) and cultured on an orbital shaker rotating at 200 rpm for 10 h at 37
• C. The trophoblastic spheroids (approximately 50 spheroids per well) of approximately 100 μm in size were prepared and gently delivered onto EECs, which were treated with IFNT for 6 h as previously described. After incubating for 1 h at 37
• C, the 24-well culture plates were shaken for 10 min at 110 rpm. The GTCs spheroids remaining in wells were counted by a fluorescence microscope. The attachment rate was expressed as a percentage of seeded spheroids.
RNA extraction and real-time quantitative PCR
Total RNA was extracted from cells by TRIzol reagent (TaKaRa Bio, Inc., Dalian, China), according to the manufacturer's instructions. The RNA concentration and purity were measured based on the method previously described [24] . 
Western blot analysis
After the treatment, EECs were collected and washed with icecold PBS and lysed with RIPA buffer (Beijing Solarbio Science & Technology Co., Ltd, Beijing, China). The total protein concentration was measured by the BCA assay (Nanjing Keygen Biotech Co., Ltd). Thirty micrograms of total proteins were loaded into each well of a 12% SDS-PAGE gel, and the proteins were then separated by electrophoresis. Proteins were then transferred to PVDF membranes (Millipore, Bedford, MA). After blocking in Tris-buffered saline containing 0.5% Tween-100 (TBST) with 10% nonfat milk for 2 h, the samples were incubated with anti-CREBRF (1:1000, made by our laboratory), anti-MAP1LC3B antibody (Sigma L7543, diluted 1:1000), anti-RPS6KB1 antibody (CST 9205, diluted 1:1000), and anti-ACTB antibody (Tianjin Sanjian Biotech Co., Ltd, diluted 1:2000) overnight at 4
• C. Subsequently, the membranes were incubated for 1 h with HRP-labeled secondary antibody at room temperature. Finally, the protein bands were visualized using the gel image system (Tannon Biotech, Shanghai, China) and measured with Quantity One software (Bio-Rad Laboratories).
Immunofluorescent staining
The method employed for the next steps followed our previous description [24] . Briefly, after blocking in 5% BSA in PBS for 1 h, the samples were incubated with primary antibodies at 37
• C for 2 h, including anti-SPP1 (Wanleibio Co., Ltd WL02378, diluted 1:150) or anti-CREBRF (1:200; made by our laboratory). After washing three times with PBS and incubating for 1 h at room temperature in a 1:500 dilution mixture of Alexa-labeled donkey anti-rabbit IgG (Invitrogen, Life Technologies) at 37
• C for 2 h, the nuclei were counterstained by DAPI (4,6-diamidino-2-phenylindole) and the cells were observed by laser-scanning confocal microscopy (Nikon Inc, Melville, NY, USA).
Cell transfection with interference target sequence
Recombinant lentiviral vectors encoding the CREBRF shRNA (shCREBRF) and negative control short hairpin RNA (shN) were constructed as previously described [24] . The sequence of shCRE-BRF and shN was shown in Supplementary Table S2 . Virus packaging and cell transfection were performed as previously reported [25] .
Prostaglandins measurement
EECs were plated into 24-well plates (5 × 10 4 cells/well) and cultured as previously described [26] . After incubating with IFNT for 12 h, culture supernatants were collected, and the concentration of PGF 2α and PGE 2 was measured by Goat Prostraglandin F2α ELISA kit (JYM, Wuhan, China) or Goat Prostraglandin E2 ELISA kit (JYM, Wuhan, China) according to the manufacturer's instructions. The cells were counted by the cell count plate.
Measurement of cell viability
To determine the effects of CREBRF on viability of EECs, EECsinfected shN or shCREBRF (5 × 10 3 cells/well) were seeded in 96-well plates. Then, EECs were treated with 10 μL Cell Counting Kit-8 (CCK-8, Beyotime, Haimen, Jiangsu, China) for 2 h at 37
• C. The number of viable cells was measured at 450 nm by a microplate reader (Bio-Rad 680). Independent experiments were performed in triplicate and repeated three times.
Cell cycle analysis
EECs infected with shN or shCREBRF were washed with ice-cold PBS and harvested with trypsin. Next, the cells were centrifuged at 2000 rpm for 5 min and fixed in cold 70% ethanol overnight at 4
• C.
All samples were then stained using the Cell Cycle Detection Kit (KeyGEN Biotech, Nanjing, China) as we have previously reported [26] . Finally, the samples were analyzed by flow cytometry. Each test was performed in triplicate.
EdU proliferation assay
Cell proliferation was determined using EdU Cell Proliferation Assay Kit (Beyotime). EECs were plated into 24-well plates (5 × 10 4 cells/well) and cultured as previously described [26] . The cells were incubated with 10 μM EdU for 6 h. After removing the medium, cells were treated with fixation buffer and were then washed with PBS plus 3% BSA. After that, cells were incubated with permeabilization buffer for 15 min at room temperature. Subsequently, cells were stained according to the manufacturer's instructions. Then, cell nuclei were stained with Hoechst 33342 for 10 min. The cells were observed by laser-scanning confocal microscopy (Nikon Inc).
Statistical analysis
Unless otherwise specified, all data were expressed as the mean ± SEM of three samples for each experimental point. Oneway ANOVA followed by Tukey's post hoc test and Fisher's LSD was used for multiple comparisons. Statistical differences were considered significant when the P value was less than 0.05.
Results
Knockdown of CREBRF inhibits autophagy and activates mTOR pathway under hormone treatment
Over the past decade, most research in early pregnancy has emphasized the use of hormones to mimic the in vivo intrauterine environment [27, 28] . In this study, P 4 , E 2 , and IFNT were added in EECs. As shown in Figure 1A , the E 2 + P 4 + IFNT group reported significantly more CREBRF and LC3-II expression than CON group. The immunofluorescence results revealed similar phenomena, such that CREBRF proteins were localized abundantly in the cytoplasm of EECs in E 2 + P 4 + IFNT group than CON group ( Figure 1B) . To characterize the role of CREBRF on regulating endometrial function during the peri-implantation period of pregnancy, two plasmids that silenced activity of CREBRF and a plasmid containing the negative control were obtained from Escherichia coli and named pCD513B-U6-CREBRF-shRNA-1, -2, and pCD513B-U6-N-shRNA, respectively. From the graph above, we can see that pCD513B-U6-CREBRF-shRNA-2 (shCREBRF-2) had the greatest downregulated effect (more than 80%) on the CRE-BRF gene expression ( Figure 1C ). To assess shCREBRF-2, a western blot was used ( Figure 1D ). Figure 1D and E confirmed the result of transcriptional levels. Therefore, shCREBRF-2 was used for this study. From the data in Supplementary Figure S1 , it is apparent that knockdown of CREBRF led to a significant downregulation of MAPLC3B and upregulation of phosphorylation of RPS6KB1 without hormone treatment. Similar results have been found under hormone treatment ( Figure 1F ).
Knockdown of CREBRF led to S-phase cell cycle arrest
To investigate the role of CREBRF with relation to EECs, the proliferation of EECs transfected with shN or shCREBRF was detected at different time points. The top of the figure shows that knockdown of CREBRF inhibited cell proliferation rate compared to the negative control in EECs (Figure 2A) . Consistent with the results from CCK-8, the percentage of EdU-positive cells was significantly lower in the shCREBRF group compared to the shN group ( Figure 2B ). To determine the main reason by which CREBRF silencing decreases cell proliferation, cell cycle analysis was performed.
What is striking about the figures in Table 1 and Supplementary Figure S2 is that shCREBRF groups had significantly increased percentages of cells in the S-phase and did not differ in the G2-phase. The results of flow cytometry demonstrated that knockdown of CREBRF hampered EECs proliferation by S-phase cell cycle arrest. To explore the underlying mechanism of S-phase arrest, we measured the expression of cell cycle regulatory genes, such as CCNA2, CCNB1, and CCND1. Our results showed a significant downregulation in mRNA level of CCNA2, CCNB1, and CCND1 ( Figure 2C ).
Knockdown of CREBRF affects endometrial function
As shown in Figure 3A , shCREBRF group inhibited the section level of PGE 2 compared to the shN group, but no significant differences were found between shN and shCREBRF groups in PGF 2α . The PGE 2 to PGF 2α ratio of the shCREBRF group was lower than the shN group under hormone treatment. The PGE 2 to PGF 2α ratio has not been significantly altered without hormone treatment (Supplementary Figure S3 ). Rate-limiting enzymes of synthesized PGs (PTGS1and PTGES) were downregulated and upregulated PGFS by silencing CREBRF ( Figure 3B ). No significant reduction in PTGS2 was found compared with the shN group ( Figure 3B ). In addition to PGs secretion, we also found that the expression of endometrial receptivity markers (HOXA10 and HOXA11) was downregulated in the shCREBRF group compared to the shN group ( Figure 3C ). Meanwhile, there was evidence that CREBRF silencing had an influence on cell adhesion. The results of the spheroid co-culture assay are shown in Figure 3D , where the attachment of GTCs spheroids to shCREBRF EECs was decreased compared to the shN group. The results of real-time quantitative PCR indicated that CREBRF silencing inhibited the expression of SPP1 ( Figure 3E ). This result was confirmed by immunofluorescence, which showed a decreased fluorescence intensity of SPP1 in the shCREBRF group ( Figure 3F ).
Blockage of mTOR pathway partly suppressed CREBRF silencing-induced endometrial function inhibition
To scrutinize the role of the mTOR pathway in CREBRF-regulating endometrial function, we pretreated EECs infected with shCREBRF with rapamycin. As seen from Figure 4A and Supplementary Figure  S4 , the shCREBRF group reported significantly more LC3-II than the shN group. The results of the western blot also demonstrated that the expression of pho-RPS6KB1 was inhibited by rapamycin ( Figure 4A ). Next, we investigated whether PGs secretion is regulated by the mTOR pathway. Remarkably, rapamycin pretreatment induced PGE 2 levels and increased the PGE 2 to PGF 2α ratio. However, no increase in PGF 2α was detected in the rapamycin group ( Figure 4B ). As expected, rapamycin pretreatment reduced the transcription level of PGFS, and promoted the level of PTGS1 and PTGS2 ( Figure 4C ). Additionally, we reported that blocking the mTOR pathway with rapamycin increased the expression of HOXA10 and HOXA11 ( Figure 4D ). However, rapamycin failed to recover the low level of GTC attachment from silencing CRE-BRF ( Figure 4E ). We also noticed that no significant correlation was found between the mTOR pathway and the expression of SPP1 (Figure 4F and G) . These results suggest that inhibition of the mTOR pathway activated autophagy to partly restore endometrial function due to CREBRF silencing.
CQ pretreatment blocked autophagy partly induced endometrial function inhibition
To further elucidate that CREBRF induced autophagic changes under hormone treatment, we blocked autophagic flux by adding CQ in EECs-infected shCREBRF. It can be seen from the data in Figure 5A that CQ pretreatment led to significantly increased ratio of MAPLC3B/MAPLC3A and the expression of phosphorylation of RPS6KB1. Consistent with the negative regulating property of the mTOR pathway, the secretion of PGE 2 and PGE 2 to PGF 2α ratio was decreased by the CQ treatment ( Figure 5B ). The transcriptional levels of PTGS1 were inhibited, and PGFS was promoted due to autophagy inhibition ( Figure 5C ). Furthermore, we explored the role of CQ in uterine receptivity, where the results of real-time quantitative PCR showed that CQ pretreatment inhibited the level of HOXA10 ( Figure 5D ). In addition, CQ did not significantly change the cell attachment and the expression of SPP1 ( Figure 5E and F). These data indicate that autophagy may be responsible for promoting endometrial function.
Discussion
Prior studies have noted the importance of a receptive endometrium during early pregnancy [29, 30] . Although an increasing number of studies have focused on signaling molecules during peri-implantation in ruminants, the detailed molecular mechanism remains largely unknown. Our previous studies have mentioned that the high expression of CREBRF was found in mice ESCs during decidualization [17] . In addition, we also reported that the implantation sites were smaller than the control group in shCREBRF lentivirus-treated mice [19] . The above evidence indicated that CREBRF may be involved in early pregnancy. Xu et al. reported that the relationship between autophagy and EECs is very close based on measuring expression of MAPLC3B and SQSTM1 [31] . In recent years, accumulating evidence has demonstrated that CREBRF plays a pivotal role in autophagy in glioma cells [9, 15] . In the current study, we demonstrated that endometrial function could be regulated by CREBRF. Given that CREBRF was upregulated under hormone treatment, we inhibited the CREBRF using specific shRNA that significantly hampered EECs proliferation by S-phase cell cycle arrest. This work is important because it suggests a potential function of CREBRF in regulating endometrial function for the first time and characterizes the vital effect of the CREBRF-mTOR-autophagy pathway in EECs under hormone treatment. We also reported that CREBRF is a positive regulator in autophagy via the mTOR pathway.
To elucidate the function of CREBRF during early pregnancy, the third-generation lentiviral packaging system was used to construct shCREBRF lentiviral vectors and decreased the expression of CREBRF in EECs. Our previous experiments had showed that CRE-BRF silencing inhibited ESCs proliferation via S-phase cell cycle arrest [19] . Not surprisingly, shCREBRF treatment also increased the percentage of EECs in S-phase than shN group by down-regulating of CCNA2, CCNB1 and CCND1. The results were accordance with previous studies that 3-HT inhibited the expression of CCNA2 and CDK2, which involved in initiation and progression of the S-phase, leading to S-phase arrest [32] . Previous studies confirmed that the optimal PGE 2 to PGF 2α ratio and appropriate cellular adhesion molecules are important for implantation [33, 34] . It is worth noting that both the PGE 2 to PGF 2α ratio and cellular adhesion molecules were decreased by silencing CREBRF. These findings suggest that CREBRF may act as a regulator of PGs secretion and apposition of trophectoderm cells of the blastula to the luminal epithelia of the uterus.
As mentioned in the literature, E 2 activated autophagy in blastocysts for the prolonged survival of dormant blastocysts [35] . On the other hand, P 4 also triggered autophagy by inhibiting the mTOR pathway in bovine mammary epithelial cells [14] . Meanwhile, autophagy plays a vital role on degrading maternal factors during pre-implantation development. Based on these observations, we speculated that mTOR-autophagy may be involved during early pregnancy. The results of this study indicate that inhibition of the mTOR pathway not only partly restores the PGE 2 to PGF 2α ratio but also increases the expression of endometrial receptivity markers in shCREBRF EECs by activating autophagy. We also noticed that no significant correlation was found between cell attachment and mTOR pathway activity. To further confirm the roles of CREBRFmTOR-autophagy during early pregnancy, we decided to block autophagy with CQ. Like CREBRF silencing, the PGE 2 to PGF 2α ratio and the transactivation activity of endometrial receptivity markers were repressed by CQ pretreatment. Unfortunately, we could not reliably provide evidence on whether the mTOR-autophagy was involved in cell attachment, since Rapa and CQ pretreatment did not stimulate spheroid attachment rate and the mRNA level of SPP1 in shCREBRF EECs. It should also be noted out that there is a negative feedback mechanism of the mTOR-autophagy pathway.
In conclusion, this study demonstrated that CREBRF is a potential autophagy regulator in EECs by regulating the mTOR pathway and that CREBRF-mTOR-autophagy is involved in regulating endometrial function during early pregnancy. We also confirmed that CREBRF silencing inhibited EECs proliferation via the S-phase cell-cycle arrest. Future in vitro studies should be directed toward the identification of regulation mechanism of autophagy in EECs, and future in vivo research should be investigated.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Knockdown of CREBRF inhibits autophagy and activates the mTOR pathway without hormone treatment. EECs were infected with a lentivirus specific for CREBRF and shN for 48 h. Then, EECs were cultured in DMEM/F-12 medium containing 10% FBS for 12 h. Total proteins from EECs were subjected to western blot. ACTB served as the control gene in all samples. The data are presented as the means ± S.E.M. of three independent experiments. Bars with different letters are significantly different (P < 0.05). Supplementary Figure S2 . Knockdown of CREBRF led to S-phase cell cycle arrest. EECs were infected with a lentivirus specific for CREBRF and shN for 48 h. Then, EECs were cultured in DMEM/ F-12 medium containing 10% FBS for 12 h. Cell cycle distribution of EECs as detected by flow cytometry. Figure S3 . Knockdown of CREBRF inhibits PGE 2 /PGF 2α ratio without hormone treatment. EECs were infected with a lentivirus specific for CREBRF and shN for 48 h. Then, EECs were cultured in DMEM/F-12 medium containing 10% FBS for 12 h. The secretion of PGE 2 and PGF 2α were measured in EECs using an ELISA kit. Supplementary Figure S4 . Rapa treatment blocked the mTOR pathway and activated autophagy. EECs were infected with a lentivirus specific for CREBRF for 48 h. Then, EECs were treated with P 4 and E 2 , and treated with or without rapamycin for 1 h. Total protein from EECs were subjected to western blot. ACTB served as control gene in all samples. The data are presented as the means ± S.E.M. of three independent experiments. Bars with different letters are significantly different (P < 0.05). Supplementary Table S1 . Primer pairs used for Real time quantitative PCR. Supplementary Table S2 . Short hairpin interfering RNA (shRNA) inserts.
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